Biogenesis, Biological Significance, and Applications of EVs {#s0005}
============================================================

EVs are phospholipid bilayer membrane-enclosed biological entities present in a wide range of physiological fluids ([Figure 1](#f0005){ref-type="fig"} , Key Figure). Secreted by various types of cells, EVs carry important biomolecules originating from their parent cells. There are several biogenesis pathways involved in the generation of EVs, according to which EVs can be subdivided into several types, including exosomes and microvesicles (MVs) \[[@bb0005], [@bb0010], [@bb0015]\]. Exosomes (\~30--150 nm) are generated through inward budding of endosomal membranes during their maturation into multivesicular endosomes (MVEs), while MVs (\~100--1000 nm) are formed by outward budding of the plasma membrane \[[@bb0005]\]. However, they still share several common features, including: clustering of lipids and proteins onto endosomal/plasma membranes \[[@bb0020],[@bb0025]\]; sequestration of cytosolic nucleic acids, proteins, and other biomolecules via various sorting machineries followed by budding and fission of small vesicles \[[@bb0020],[@bb0025]\]; and intercellular trafficking of cargoes that involve docking, fusion, and uptake \[[@bb0020],[@bb0025]\]. Vesicles formed during apoptosis are larger than 1000 nm and are termed apoptotic bodies \[[@bb0030]\]. The recently coined term 'exomeres' describes the smallest (\<50 nm) non-membrane-bound nanoparticles and larger macromolecular complexes that can also be included under the umbrella term 'EVs' ([Figure 2](#f0010){ref-type="fig"} ) \[[@bb0035],[@bb0040]\].Figure 1Key Figure. Structure, Biomolecular Cargo, and Characterization of Extracellular Vesicles (EVs).Abbreviations: LC, liquid chromatography; MS, mass spectrometry.Figure 1Figure 2Overview of Extracellular Vesicle (EV) Biogenesis, Secretion, and Uptake.(A) Transmission electron microscopy images of EV subtypes (exomeres, exosomes, microvesicles, and apoptotic bodies) and their approximate sizes \[[@bb0005],[@bb0030],[@bb1070],[@bb1075]\]. (B) EV biogenesis pathways. Exosomes are formed through inward budding of the cell membrane and the formation of multivesicular endosomes, which capture exosomes then fuse with the cell membrane and release exosomes through exocytosis \[[@bb0005]\]. Microvesicles are formed through outward budding of the cell membrane and apoptotic bodies are formed during cell apoptosis and death \[[@bb0005],[@bb0030]\]. (C) EV subtype cargo. Each subtype of EVs contains a different cargo. Exosomes and microvesicles contain membrane proteins and tetraspanins, while apoptotic bodies also carry fragments of cell organelles from apoptosis \[[@bb0060],[@bb0065]\]. (D) EV uptake occurs through the internalization of the EV into the cell by either docking or fusion of the membranes. Endosomes can also be created, and then release their EV content into the cell \[[@bb0020],[@bb0025]\]. Reprinted, with permission, from referenced sources.Figure 2

The sorting machinery is diverse in terms of the intracellular complexes involved and can be broadly classified into two main pathways, endosomal sorting complex required for transport (ESCRT) dependent and ESCRT independent. The ESCRT-dependent machinery acts in a stepwise manner where a series of ESCRT subcomplexes (e.g., TSG101, CHMP proteins) are involved \[[@bb0045],[@bb0050]\]. The ESCRT-independent pathways involve the ceramide-dependent pathway, which generates membrane subdomains and tetraspanins such as CD63, CD81, and CD9 to form clusters on the membranes and induce inward budding of vesicles and the formation of EVs \[[@bb0055]\]. In addition, cytosolic proteins, such as heat shock 70 kDa protein (HSP70), are sequestered into exosomes derived from most cell types \[[@bb0060]\]. Nucleic acids (DNA, mRNA, and miRNA) are another important type of cargo molecules carried by EVs \[[@bb0065]\]. The sorting of miRNA is sequence dependent, leading to differential sorting of specific miRNAs into EVs \[[@bb0070], [@bb0075], [@bb0080]\]. Overall, there are multiple pathways of EV formation, which leads to the release of a heterogeneous population that may vary widely in size, composition, and function. So far, it remains difficult to assign a particular pathway based on the subpopulation of isolated vesicles. Hence, there is a clear need for a better understanding of the factors that differentiate the biogenesis, sorting, and release of EVs.

The International Society for EVs (ISEV) recommends the use of 'EV' as an umbrella term for these types of vesicles, due to the difficulty in assigning an EV to a particular biogenesis pathway, unless the EV is caught in the course of release by live-imaging techniques. The ISEV also suggests classifying EVs by referring to their physical characteristics like size and density, their differing biochemical composition, and the amount of surface charge, among other characteristics \[[@bb0030]\].

Once EVs are released into the extracellular space, they undergo internalization by recipient cells (endocytosis, phagocytosis, or micropinocytosis), followed by transfer of the EVs' genetic materials and proteins, which further interact with cellular signaling pathways of the target cells \[[@bb0045],[@bb0085], [@bb0090], [@bb0095]\]. EV cargo is used to deliver messages between immune cells \[dendritic cells (DCs), B cells, T cells\], leading to either immunosuppressive or immune-activating effects on the immune response \[[@bb0100]\]. The cells of the central nervous system (CNS) use EVs as a major route of signal transfer to other neuronal cells. More importantly, EVs have been found to have roles in the spreading of neurodegenerative diseases such as Parkinson's and Alzheimer's diseases between anatomically connected regions in the CNS \[[@bb0105],[@bb0110]\]. In the cardiovascular system, cardiac fibroblast EVs are enriched with miR-21, a crucial paracrine signaling mediator of cardiac hypertrophy \[[@bb0115]\]. Furthermore, tumor-derived EVs have been reported to have a role in the hallmarks of cancer, such as tumor growth, invasiveness, evading apoptosis, immune cell modulation, resistance, and metastasis \[[@bb0120],[@bb0125]\].

Bearing a variety of biological cargoes, EVs are deemed to reflect the physiological state of parent cells \[[@bb0130]\]. The components of EVs have been studied in the probing of pathophysiological states of the host as potential biomarkers for the diagnosis and monitoring of diseases \[[@bb0135]\]. For example, miRNA profiling of epithelially derived EVs from blood samples of colorectal cancer (CRC) patients showed elevated levels of 13 EpCAM^+^-EV miRNAs compared with healthy individuals \[[@bb0140]\]. In addition, EV miRNA profiling of stage I non-small cell lung cancer (NSCLC) patients was able to discriminate between various stages of cancer \[[@bb0145]\]. With respect to proteins, CD147 was found to be enriched in EVs secreted by CRC cell lines as well as in the serum of CRC patients \[[@bb0150]\]. The level of EVs positive for both CD9 and CD147 was significantly greater in cancer patients than in healthy donors \[[@bb0150]\]. Although these studies highlight the diagnostic potential of EVs, the challenges in EV isolation and characterization (discussed in 'EV Isolation Methods' and 'EV Characterization: Challenges and Needs') directly impact the specificity and sensitivity of EV biomarkers and their ability to translate into a robust diagnostic tool.

EVs have been exploited to transport a variety of therapeutic molecules, such as siRNA, miRNA, and small molecules \[[@bb0155]\]. Various methods, such as transfection, incubation, sonication, freeze--thaw cycles, and electroporation, have been developed for the loading of these molecules \[[@bb0160]\]. The choice of loading method depends on the type of cargo molecule; for example, for loading of small noncoding RNA (siRNA and miRNA), transfection of parent cells before isolation and electroporation of EVs post-isolation are currently the preferred methods. Small-molecule-based anticancer drugs such as doxorubicin and paclitaxel have been incorporated into EVs using incubation and have demonstrated enhanced antitumor activity in preclinical studies \[[@bb0165]\]. One of the unique advantages that engineered EVs offer compared with other delivery vectors is the ability to incorporate ligands, which can specifically target cancer cells and evade immune responses. The Kalluri laboratory has shown that CD47^+^ EVs loaded with siRNA against KRAS target only KRAS-mutated tumors and display enhanced therapeutic efficacy compared with liposomes carrying similar amounts of the agent \[[@bb0170]\]. Colleagues from the Amiji laboratory have used a novel approach of modulating the EV miRNA content derived from cancer cells to reprogram macrophages from M2 (protumor) to M1 (antitumor) \[[@bb0175]\]. In addition, EV immune signaling has been utilized to produce an antitumor effect \[[@bb0155]\]. A recent study investigated the potential synergistic effects of DC-derived EVs with or without a programmed cell death-1 (PD-1) antibody for the treatment of hepatocellular carcinoma with sorafenib \[[@bb0180]\]. Based on the potential of EVs as drug delivery vehicles and immunotherapies, several companies, such as Capricor Therapeutics, Codiak Biosciences, Evox Therapeutics, and Puretech Health, have started product development efforts to translate EV therapeutics to the clinic \[[@bb0185]\]. A search for the keywords 'exosomes' or 'extracellular vesicles' on the [ClinicalTrials.gov](http://ClinicalTrials.gov){#ir0005} website showed a number of clinical trials, which are recruiting patients for various types of disease including several types of cancer, neurodegenerative diseases, anxiety, diabetes, and COVID-19 \[[@bb0190]\]. Due to the surface expression of antigens from parent cells, DC-derived exosomes have been used for vaccine delivery and proved safe in multiple Phase I trials in different types of cancer \[[@bb0195]\]. Some promising results have been shown in Phase II clinical studies using these EVs loaded with tumor antigen as a vaccine against NSCLC in combination with cyclophosphamide \[[@bb0195]\]. Despite these interesting advances in therapeutic applications of EVs, there are several challenges in translating EV therapeutics to the clinic. One of the major challenges is the heterogeneity in content and composition inherent in the production of EVs by parent cells through various complex biogenesis pathways. This heterogeneity can lead to intrabatch and interbatch variabilities in the large-scale production of EVs. For the successful translation of EVs to the clinic, the identification of critical quality attributes (CQAs) (e.g., size, purity, molecular composition) that impact the potency and stability of the product is essential.

In this review, we provide a comprehensive overview of conventional and emerging approaches for the isolation and characterization of EVs, as well as the main challenges that these technologies encounter. Also, we highlight possible paths toward the standardization of the discussed approaches and identified potential benefits and disadvantages of these techniques with respect to dissemination and standardization. This critical evaluation of published reports and the provided assessment of the advantages and deficiencies of the described approaches will help the reader to learn about the current state of EV research and to identify the most efficient paths toward selecting, implementing, and standardizing specific technologies of interest in future studies in relevant research fields.

EV Isolation: Challenges and Needs {#s0010}
==================================

Sources of EVs: EV Heterogeneity and Complexity {#s0015}
-----------------------------------------------

EVs have been isolated from various physiological fluids. Blood is one of the most abundant sources of EVs, with an estimated concentration of 5--15 ×10^8^ particles/ml \[[@bb0200], [@bb0205], [@bb0210]\]. One of the challenging aspects of the isolation of EVs from blood is that it contains lipoproteins \[\<35 nm, density 1.06--1.20 g/cm^3^ very-low-, low-, and high-density lipoprotein (VLDL, LDL, HDL)\] and chylomicrons \[75--1100 nm, density \<0.930 g/cm^3^; a.k.a. ultralow-density lipoproteins (ULDLs)\], which overlap in size and density with EVs \[[@bb0215]\] and cannot be completely removed by conventional isolation methods \[e.g., ultracentrifugation (UC)\] \[[@bb0220],[@bb0225]\]. Other factors that impact the amount, purity and, heterogeneity of EVs from blood include sample collection, handling, storage conditions, stability, anticoagulants, volume of blood collection, time of blood collection, and the age, sex, disease state, and fed/fast status of the animal/patient \[[@bb0230],[@bb0235]\]. In cases of advanced-stage ovarian cancer, hemorrhagic malignant ascites will appear \[[@bb0240]\] containing abundant EVs secreted by various cell types along with cells, cytosolic components, and extracellular matrix (ECM) fragments \[[@bb0135],[@bb0245]\]. These additional components not only contribute to the chemical composition of EV subpopulations but also alter the physical properties, such as the viscosity of the blood, increasing the difficulty of isolating high-purity EV populations. Further heterogeneity arises from the biogenesis of the various vesicles released from the cells.

Scalability and Throughput {#s0020}
--------------------------

Most of the traditional laboratory-scale methods used for EV isolation employ multiple steps of isolation, which poses challenges for scaling up the processing to large volumes, and are low throughput. Recently, tangential flow filtration (TFF) coupled with chromatography-based methods have been developed for the large-scale and current Good Manufacturing Practice (cGMP)-based production of EVs \[[@bb0250]\]. This additional separation step enabled the more efficient removal of protein contaminants and resulted in a yield of EVs similar to that with UC-based protocols. Similarly, size-exclusion-based EV isolation protocols can be readily scaled up (see 'EV Isolation Methods').

Recommendations for Standardization of Sample Collection, Handling, and Storage {#s0025}
-------------------------------------------------------------------------------

Given the complexity and heterogeneity of biological fluids, it becomes essential to minimize pre-isolation and pre-analytical variables through the standardization of sample collection, storage, and handling. Some of the recommendations and measures to minimize artifacts for downstream isolation and analysis are listed here.

### Sample Collection, Sample Matching, Sample Size, and Data Collection {#s0030}

For the isolation of EVs from cultured cells, it is recommended to use either serum-free medium, if possible, or EV-free serum as a growth supplement in cell culture medium \[[@bb0255]\]. For clinical blood sample collection, it is important to use a needle of a gauge that minimizes shear forces responsible for platelet activation and the release of platelet- and red blood cell-derived EVs \[[@bb0260]\] and to discard the first bolus of the collected blood, where the cell debris caused by the venipuncture can contaminate the EV isolate \[[@bb0230]\]. For each specimen that is collected, parent cells are also recommended to be collected whenever possible, enabling molecular matching, profiling, differential analysis of cellular and EV components, and the determination of specific molecular signatures associated with changes in the EV source, such as the stage of the disease. Fed/fasting status and the time of sample collection (morning/night) affect EV levels in samples, but more studies are needed to determine the optimal parameters before a recommendation can be made \[[@bb0230]\]. When designing experiments for the discovery of biomarkers and profiling of EV components, it becomes essential to have a sample size that gives a statistical power of at least 80% \[[@bb0265]\]. Finally, information regarding the age, sex, race, disease state, and treatment state of the patient/animal should be collected to understand the impact of each of these parameters on the profiling of the EV content \[[@bb0270]\].

### Sample Handling and Processing {#s0035}

Most published studies reporting the isolation of EVs from blood suggest using plasma for isolation, as serum contains platelet-derived EVs, which are mostly released during clotting \[[@bb0235]\]. Furthermore, the choice of anticoagulant (heparin, citrate, EDTA) can affect the results. A number of studies suggest the use of EDTA as an anticoagulant for downstream EV-RNA analysis, as it prevents the formation of EV-cell aggregates, inhibits platelet-derived release, and because heparin inhibits PCR reactions \[[@bb0275]\]. Initial centrifugation to separate components such as cells \[red blood cells (RBCs), white blood cells (WBCs), platelets\] from EVs should be performed at speeds that minimize the release of cellular components. Also, precautions must be taken to minimize processing time to avoid sample degradation due to temperature and enzymatic activities such as RNase and protease hydrolysis.

### Sample Stability and Storage {#s0040}

A number of studies have been performed on various biofluids, such as urine, blood, and bronchoalveolar lavage (BAL) to evaluate the impact of various storage temperatures (4°C, −20°C, and −80°C) and freeze--thaw cycles (one to ten) on the size, composition, and functionality of EV isolates, which have been reviewed previously \[[@bb0280]\]. Overall, current evidence suggests that −80°C is the best-suited temperature to preserve EV contents for downstream molecular profiling. However, freeze--thaw cycles should be minimized, as EV aggregation and lysis may occur, resulting in overestimation of EV size, underestimation of EV count, and loss of cargo during isolation procedures. Furthermore, when EVs intended for drug delivery applications go through freeze--thaw cycles, loss of cargo leads to loss of potency \[[@bb0285]\].

EV Isolation Methods {#s0045}
====================

High-efficiency isolation of EVs or EV subpopulations and separation from contaminating proteins and other possible matrix contaminants is needed to ensure accurate inferences of the biological activity and function of EVs or a specific EV subpopulation of interest. Here we describe current and commonly used methods of EV isolation and their advantages and disadvantages (summarized in [Table 1](#t0005){ref-type="table"} ).Table 1Overview of the Described EV Isolation Methods and Their Main Advantages and DisadvantagesTable 1MethodPrincipleAdvantageDisadvantageScalability[a](#tf0005){ref-type="table-fn"}Cost[a](#tf0005){ref-type="table-fn"}RefsUCIsolation by differential centrifugationLow protein contaminationLow throughput, isolates similarly sized particles, potential damage to EVs+\$\$\$\$\[[@bb0300], [@bb0305], [@bb0310], [@bb0315]\]Density gradientSeparates EVs by density after initial isolation by UC or alternative techniquesIncreased purityLow throughput, lower yield++\$\$\$\[[@bb0290],[@bb0295]\]SECSeparates by hydrodynamic volumeReduced contamination with high-abundance proteins, gentleLow resolution and dilution of EV isolates++++\$\$\[[@bb0220],[@bb0345],[@bb0350]\]FiltrationUses membranes with specific pore sizesSimple, time efficient, and relatively gentleLow sample recovery, extrusion effects, possible irreproducibility++++\$\[[@bb0360], [@bb0365], [@bb0370], [@bb0375]\]Immunoaffinity-based isolation strategiesCapture EVs using antibodiesIncreased purification efficiency, target specific populationCostly, nonspecific binding++\$\$\$\$\[[@bb0380], [@bb0385], [@bb0390]\]Commercial reagentsPrecipitate EVs using polymersHigh yield, simple workflowsHigh protein contamination, various degrees of compatibility with profiling techniques++\$\$\$\[[@bb0435], [@bb0440], [@bb0445]\]MicrofluidicsBased on physical, mechanical, and/or surface chemistry propertiesLow sample volumes, low cost, low consumption, high throughput, high size selectivityProne to clogging, possible irreproducibility++\$\$\$\[[@bb0455], [@bb0460], [@bb0465], [@bb0470], [@bb0475], [@bb0480]\]AF4Laminar flowGentle, isolation of EV subpopulationsLow resolution, possible irreproducibility++\$\$\$\$\[[@bb0035],[@bb0040],[@bb0490],[@bb0495]\]Nano-FCMFlow-cytometry basedHigh fidelity sortingSwarm detection, simultaneous detection of multiple EVs, inadequate size assessment++\$\$\$\$\[[@bb0500],[@bb0505]\][^2]

UC {#s0050}
--

The current 'gold-standard' technique is UC, which separates and concentrates EVs from other specimen constituents according to their density \[[@bb0255],[@bb0290]\]. EVs typically have a density of 1.13--1.19 g/ml \[[@bb0295]\]. This process begins with the pelleting out of any cells and cell debris and then transfer of the supernatant to the ultracentrifuge and centrifuging twice at 100 000 g or higher speeds, first to pellet EVs and then, after rinsing in phosphate buffered saline (PBS), to pellet EVs with reduced protein contamination \[[@bb0255],[@bb0300]\]. This method, however, may also isolate MVs and microparticles of various size and composition, including viruses, lipoprotein particles, and protein complexes \[[@bb0305],[@bb0310]\]. UC is also low throughput, requires expensive specialized equipment, and can damage EV membranes or cause aggregation during processing \[[@bb0260],[@bb0315]\]. The purity of UC-based EV isolates and EV populations can be further increased using an additional density gradient step \[[@bb0290],[@bb0295]\]. Sucrose gradients and commercial OptiPrep density gradients are commonly used in this method \[[@bb0320],[@bb0325]\]. A drawback of this method is that additional purification might be needed to separate EV subpopulations from each other, from other microparticles with similar densities, and from the density gradient matrix \[[@bb0330]\].

Size-Exclusion Chromatography {#s0055}
-----------------------------

Size-exclusion chromatography (SEC) separates the components of a sample based on the hydrodynamic volume. SEC is typically performed with a Sepharose CL-2B or similar stationary-phase column where fractions are eluted with PBS \[[@bb0200],[@bb0335]\]. SEC is simple, robust, and scalable, does not require expensive equipment, and can be used with mild elution conditions, allowing various applications \[[@bb0335],[@bb0340]\]. In addition, SEC may be an efficient EV isolation method for downstream proteomic analysis, in that high-abundance protein reduction is comparable with or better than UC \[[@bb0200],[@bb0345],[@bb0350]\]. However, it is limited by the low resolution and dilution of EV isolates. There is ample evidence that shows the presence of contaminants in SEC vesicle isolates, including lipoprotein particles, viral particles, free proteins, and protein complexes from biological matrices \[[@bb0220]\]. Nevertheless, both the yield and the EV:protein ratio are typically significantly higher for SEC-based isolation than for the UC-based method \[[@bb0345]\]. However, the same study showed that UC isolates provided higher yields of smaller EVs and contained less apolipoprotein (APO) particles than SEC isolates. Additionally, SEC stationary phases may exhibit nonspecific interactions with analytes (i.e., ion-exchange interactions), which can result in changes in separation selectivity \[[@bb0355]\].

Filtration {#s0060}
----------

Filtration uses matrices defined by molecular mass and size exclusion range, usually with cellulose filters \[[@bb0360]\]. After the initial filtration, additional ultrafiltration and wash steps are typically included to remove contaminants smaller than a specific size and concentrate the vesicle sample \[[@bb0365]\]. Centrifugation-based filters (Centricon) have been shown to recover three times as many particles as pressure-driven membranes (BioMax). Polyethersulfone nanomembranes have also been used successfully \[[@bb0370]\]. An advanced version -- TFF -- is less prone to clogging than conventional filtration due to the lower chance of cake formation. Compared with UC, filtration offers several advantages, including mild pressure, time efficiency, effective purification, and scalability. Additionally, isolation is greatly dependent on the quality of filter membranes and the uniformity of the membrane pore size distribution. Moreover, filtration may alter the structural integrity of EVs due to extrusion effects and lead to EV losses on the filter membrane. Therefore, the applicability of this approach to physiological fluids with high complexity and high dynamic range may be restrained by a low recovery rate and insufficient efficiency of separation from high-abundance contaminants \[[@bb0360],[@bb0375]\].

Immunoaffinity-Based Isolation Strategies {#s0065}
-----------------------------------------

Immunoaffinity-based isolation strategies use highly specific antibody--antigen interactions to target specific populations of EVs, reducing contaminant EVs and microparticles. EVs have been isolated using antibodies in many studies \[[@bb0380], [@bb0385], [@bb0390]\]. In one method, biotinylated antibodies are captured on streptavidin-coated magnetic beads to isolate specific EV subpopulations \[[@bb0395],[@bb0400]\]. Another method uses paper-based immunoaffinity devices for EV isolation by conjugating antibodies to chromatography paper, followed by scanning electron microscopy (SEM) or ELISA \[[@bb0405]\]. Antibodies for known markers of specific diseases, as well as heparin, have been used to purify EVs and assess their diagnostic potential \[[@bb0410], [@bb0415], [@bb0420], [@bb0425]\]. Immunoaffinity isolation reduces the isolation time and increases the purification specificity, but is costly and often plagued by nonspecific binding, competitive inhibition, and cross-reactivity of antibodies. In addition, antibodies have a short lifetime, and the specific release of EVs from stationary phases could be problematic \[[@bb0430]\]. Several immunoaffinity-based microfluidics approaches, which can isolate and characterize EVs in an integrated platform, are discussed in 'Characterization of Proteins in EVs', 'Immunoaffinity-Based Techniques'.

Commercial Reagents {#s0070}
-------------------

Recently, several commercial kits have been introduced to isolate EVs with yields comparable with UC-based techniques without the need for any specialized equipment \[[@bb0435]\]. Polymer precipitation-based commercial EV isolation kits are available, including ExoQuick™ Exosome Precipitation Solution (Systems Bioscience), miRCURY^TM^ (Exiqon), and the Total Exosome Isolation Reagent (TEIR) (Invitrogen) \[[@bb0365],[@bb0435], [@bb0440], [@bb0445]\]. Nonprecipitation kits like PureExo and MagCapture are also commercially available \[[@bb0435],[@bb0445],[@bb0450]\]. Another kit is Exo-Flow^TM^, which uses antibody-labeled magnetic beads to target surface proteins. Overall, such kits also usually result in a high level of protein contamination, require long isolation protocols, and can be expensive. In addition, the proprietary formulations of such kits may interfere with downstream experiments. A comparison study of Exoquick^TM^, miRCURY^TM^, TEIR, and UC showed similar EV size distributions in isolates \[[@bb0435]\].

Emerging Techniques {#s0075}
-------------------

As EV research is a fairly new field, novel EV isolation techniques are constantly being developed. Here, we discuss several approaches that have recently emerged.

### Microfluidics {#s0080}

Microfluidic EV isolation techniques include immunoaffinity capture \[[@bb0455],[@bb0460]\] and capture based on the physical or mechanical characteristics of EVs (size, density, compressibility, viscoelasticity, etc.) \[[@bb0465],[@bb0470]\]. Physical property-based methods are either pressure or electrophoretically driven, with the latter less prone to clogging of pores or channels \[[@bb0475]\]. ExoChip captures EVs with a polydimethylsiloxane surface functionalized with anti-CD63 antibodies, followed by fluorescent carbocyanine dye staining for rapid quantification of EVs \[[@bb0480]\]. Another microfluidic filtration device utilizes porous polymer monoliths as filter membranes tuned to different geometries and pore sizes \[[@bb0470],[@bb0475]\]. Viscoelastic flow and acoustic isolation systems are also among the novel nondestructive label-free microfluidic techniques that can be potentially useful for EV isolation and size sorting \[[@bb0465]\]. These methods are advantageous because of the low sample volumes, low cost, low consumption, high-throughput, and high precision.

### Asymmetric Flow Field-Flow Fractionation (AF4) {#s0085}

AF4 is a gentle separation technique that does not require a stationary phase that may alter, retain, and degrade EV samples. The separation is accomplished in a thin film (submillimeter) of a laminar flow confined in a narrow chamber with a membrane at the bottom, where a force field is applied perpendicular to the laminar flow \[[@bb0040],[@bb0485]\]. Unlike chromatography-based separation methods, AF4 has a programmable cross-flow intensity, which can be optimized during separation to increase the efficiency \[[@bb0490]\]. AF4 has become attractive for the fractionation of EV subpopulations \[[@bb0040],[@bb0495]\]. Recent studies suggest that AF4, in combination with sensitive molecular assays, can serve as an efficient isolation technique for specific EV and particle subpopulations based on their size, thereby addressing the complexity of EV heterogeneity in physiological fluids \[[@bb0495]\]. Online detectors, including UV, multi-angle light scattering (MALS), and dynamic light scattering (DLS), were effectively used with AF4 whereby Zhang and coworkers fractionated small EVs into distinct subclasses -- small exosomes (Exo-S, 60--80 nm), large exosomes (Exo-L, 90--120 nm), and exomeres (\~35 nm) -- from various cell types \[[@bb0035],[@bb0040]\].

### Nano-Flow Cytometry (Nano-FCM) {#s0090}

A high-resolution flow cytometry (FCM)-based method was developed to sort EVs by the systematic analysis of background reference noise. Using this method, a pool of carboxyfluorescein succinimidyl ester and cell-trace violet-stained EVs derived from immune and tumor cell lines were sorted with fidelities of 78% and 99%, respectively \[[@bb0500]\]. The drawbacks of EV FCM include coincidences of two or more EVs being detected simultaneously, or swarm detection, causing overestimation of the signal and inappropriate measurements, particularly when dealing with submicron-size particles \[[@bb0505]\]. There is also a possibility of the introduction of artifacts caused by contamination with lipoprotein particles as well as the use of inadequate size standards \[[@bb0510]\].

### Combined Techniques {#s0095}

To increase the specificity or purity of EV isolation, multiple methods can be combined. Examples of UC followed by a density gradient step, SEC or AF4, have been reported \[[@bb0320],[@bb0515]\]. Another combination method is ultrafiltration followed by liquid chromatography (LC), which has been shown to isolate significantly more EVs than UC and preserves their biophysical properties \[[@bb0520],[@bb0525]\].

EV Characterization: Challenges and Needs {#s0100}
=========================================

LDLs have diameters similar to those of exosomes, and HDLs fall in the density range of all EVs. It is highly possible that EV isolates will contain lipoproteins when traditional protocols are used. The elimination of contaminating proteins would improve characterization results by reducing possible contaminants. However, what makes the situation more challenging is that EV recovery and protein yields can be low and are further decreased by losses at subsequent steps of isolation and sample processing \[[@bb0530]\]. Also, while there is a handful of frequently used protein markers, finding either a universal panel of markers for all possible EV types or unique panels for specific EV populations remains a significant challenge in the field. Designing simple, effective, and cost-efficient means to assess the purity of EV isolates will enable biological and clinical applications and will facilitate much-needed standardization in the EV field.

Methods for EV Characterization {#s0105}
===============================

Physicochemical Characterization Methods {#s0110}
----------------------------------------

These methods are summarized in [Table 2](#t0010){ref-type="table"} and [Figure 3](#f0015){ref-type="fig"} .Table 2Advantages and Disadvantages of the Described EV Characterization MethodsTable 2MethodPrincipleAdvantageDisadvantagePotential for quantitation[a](#tf0010){ref-type="table-fn"}Cost[a](#tf0010){ref-type="table-fn"}RefsFluorescence/confocal microscopyFluorescence/light radiationNondestructive analysis, EV uptake/degradation can be monitored, semiquantitativeLengthy procedure, dye aggregates result in overestimation, reporters need to be specific++\$\$\$\[[@bb0540], [@bb0545], [@bb0550],[@bb0595], [@bb0600], [@bb0605], [@bb0610], [@bb0615], [@bb0620], [@bb0625], [@bb0630]\]TEM and cryo-TEMElectron radiationDirect imaging of EVs, nondestructiveHigh computational cost, challenging sample preparation, low throughput, not quantitative, reproducibility might be an issue+\$\$\$\$\[[@bb0565], [@bb0570], [@bb0575],[@bb0675]\]AFMHooke's lawHigh resolution, provides details of EV morphologyLow throughput, specialized equipment+\$\$\$\[[@bb0540], [@bb0545], [@bb0550],[@bb0585],[@bb0590]\]DLSBrownian motionSimple and fastNonideal for heterogeneous and polydisperse samples, low resolution++\$\$\[[@bb0565], [@bb0570], [@bb0575],[@bb0595], [@bb0600], [@bb0605], [@bb0610], [@bb0615], [@bb0620], [@bb0625], [@bb0630]\]NTALight scattering/Brownian motion; dark microscopy and fluorescenceSize and concentration measured simultaneouslyBiased toward smaller particles+++\$\$\$\[[@bb0585],[@bb0590],[@bb0675]\]FCM and nano-FCMFluorescence/light scattering, Coulter principleNo sample preparation necessary, fast, EV specific, reproducible, quantitative, low sample volumeSize standards do not correlate correctly, restrictions on lower size limits of detection+++\$\$\$\$\[[@bb0640],[@bb0665]\]RPSCoulter principleHigh throughput, measures concentration, size, and charge simultaneously, low sample volumeBiased toward larger particles, nonstandardized settings, cannot determine particle type, requires frequent calibration; reproducibility and robustness can be an issue+++\$\$\[[@bb0675],[@bb0705]\]RSLight scatteringReports chemical composition (for simple sample systems), no sample preparation, small sample volumeChallenging data interpretation, medium throughput, characterization of composition is challenging for complex samples+\$\$\[[@bb0640],[@bb0665],[@bb0675]\]FLOWERImmunoaffinity interactions and resonance frequency shiftsRequires further evaluationRequires further evaluation++\$\$\[[@bb0675],[@bb0705],[@bb0715]\]SP-IRIImmunoaffinity interactions and interference of lightRequires further evaluationRequires further evaluation++\$\$\[[@bb0675],[@bb0720],[@bb0725]\][^3]Figure 3Overview of Extracellular Vesicle (EV) Characterization Techniques.(A) Visualization techniques that allow the observation of EVs and recording of images, including fluorescence imaging \[[@bb1080]\], cryoelectron microscopy (cryo-EM) that compares a microvesicle (\>100 nm) with an exosome (\~100 nm) \[[@bb1080]\] along with transmission electron microscopy (TEM) with EVs labeled with CD9-biotin/streptavidin-gold nanoparticles \[[@bb1085]\], and atomic force microscopy (AFM) \[[@bb0590]\]. (B) Size distribution analysis techniques that measure the size of sample particles, including dynamic light scattering (DLS) \[[@bb1090]\], nanoparticle tracking analysis (NTA) \[[@bb0900]\], flow cytometry (FCM) \[[@bb0670]\], and resistive pulse sensing (RPS) \[[@bb1095]\]. Reprinted, with permission, from referenced sources.Figure 3

### Microscopy and Imaging {#s0115}

Using confocal microscopy, the release, uptake, and exchange of EVs can be monitored by fluorescently labeled cell membranes with \~200-nm resolution \[[@bb0535], [@bb0540], [@bb0545]\]. Another method involves EVs labeled with a reporter that are injected into a living specimen and imaged by various methods including MRI, single-photon emission computed tomography/positron emission tomography (SPECT/PET), or fluorescence-mediated tomography (FMT) \[[@bb0550],[@bb0555]\]. These imaging methods can be used to determine which tissues' and organs' EVs are taken up, and the degradation of EVs by the host can be monitored \[[@bb0550]\].

The advantages of using these methods to monitor EVs are as follows: it is possible to determine where they end up in the host organism; EVs can be observed as they are created and absorbed by cells; and images can be acquired during animal studies without using invasive sampling techniques \[[@bb0550]\]. However, there are some disadvantages. A common dye used to label EVs (PKH67) can outlast EVs or aggregate, forming micelles, which can result in false positives, causing the total EV population to be overestimated \[[@bb0540],[@bb0550]\]. Other challenges include the need for highly specific reporters and labels that are stable over time \[[@bb0550]\] and obtaining reliable EV concentrations by fluorescence.

Transmission electron microscopy (TEM) is an imaging method used to identify particles in a sample. EVs are fixed on a sample grid and stained with reagents such as uranyl acetate or osmium tetroxide before analysis \[[@bb0560]\]. Electron radiation increases the resolution to subnanometer resolution. Both 2D and 3D images can be created using various computer programs \[[@bb0565]\]. TEM and cryo-TEM (cryogenic conditions) can also be used to observe the formation of EVs through blebbing and the shedding of EVs from cells, allowing comparison of EV formation between different cell types or conditions \[[@bb0570]\].

Advantages of cryo-TEM include the ability to directly observe samples, reduce damage up to sixfold \[[@bb0565]\], minimize changes in morphology during sample preparation because dehydration is not required \[[@bb0565]\], and eliminate the need for staining procedures. However, the drawbacks of using TEM/cryo-TEM include a high demand for computational power to convert images to 3D \[[@bb0565]\], challenging sample preparation and handling methods, low signal-to-noise ratio due to ice artifacts (cryo-TEM) \[[@bb0575]\], high cost, and low throughput. It is also difficult to tell whether an EV is entering or exiting the cell (endocytosis vs exocytosis). Some larger EVs might be excluded from the cryo-TEM sample due to preparation techniques. Also, TEM is not reliably quantitative \[[@bb0570]\]. Therefore, other techniques should be used if a concentration is necessary. Recently, software (TEM ExosomeAnalyzer) was created that automates the analysis of TEM images. However, it does not currently work with cryo-TEM images \[[@bb0580]\]. Such software tools would reduce the variability that comes with subjective human judgment.

Besides TEM, atomic force microscopy (AFM) is also a high-resolution technique for EV imaging. In one study, AFM was used to characterize platelet-derived EVs, which were captured on a CD41 antibody-functionalized mica surface \[[@bb0585]\]. The results showed reproducible measurements of the numbers and size distribution of CD41-positive EVs; the higher resolution allowed AFM to detect EVs as small as several nanometers, which is far more sensitive than regular FCM \[[@bb0585]\]. AFM is able to provide substructural details in addition to the surface topology of EVs. In one study, as the imaging force changed from \<1 nN to \~2 nN at a phase-modulated tapping mode, round-shaped EVs showed a gradual deformation where a distinctive phase appeared in the centered depression. This indicates heterogeneous density and components present in EVs, which agrees with previous findings in varied EV cargoes \[[@bb0590]\]. As with TEM, limited throughput and specialized equipment requirements are the drawbacks of AFM.

### DLS {#s0120}

DLS, also known as photon correlation spectroscopy or quasi-elastic light scattering, is a technique to determine the size distribution of particles suspended in a fluid medium. DLS primarily measures the velocity of the Brownian motion of macromolecular structures in solution due to collisions with solvent molecules \[[@bb0595],[@bb0600]\]. Size measurement by DLS offers a simple and time-saving technique that provides information about the mean size and the dispersity of the particle size distribution \[a.k.a. the polydispersity index (PDI)\] for particles ranging from 1 nm to 6 μm \[[@bb0605]\]. DLS has been used in several studies involving the characterization of EVs isolated from biofluids such as blood and BAL \[[@bb0610],[@bb0615]\]. DLS is ideal for the size measurement of monodisperse sample populations and monitoring aggregation because the scattering intensity is proportional to *d* ^6^ where *d* is the diameter of the particle. In the case of biological fluids, the sample is polydisperse due to the presence of differently sized vesicles, particles, and biomolecules, which range from a few nanometers to several thousand nanometers \[[@bb0620],[@bb0625]\]. It becomes essential to remove large particles (\>1 μm), such as cell debris and dead cells, as well as aggregated proteins and protein complexes. Low resolution is an important limitation of DLS, where the peak resolution is best only when the sizes of the particles differ by at least a factor of three (e.g., 50 nm and 150 nm) and results in broader polydispersity ranges and larger PDI values when particles have a close particle size distribution \[[@bb0630]\].

### Nanoparticle Tracking Analysis (NTA) {#s0125}

NTA is a dark-field microscopy technique that can effectively measure particle size distribution and concentration in a liquid suspension based on the Brownian motion of the particles tracked using laser light scattering (reviewed in \[[@bb0635]\]). Particles scatter the light on laser illumination and their Brownian motion is live imaged by an optical microscope equipped with a video camera. By tracking the mean squared displacement of a single particle, the software can determine its theoretical hydrodynamic diameter using the Stokes--Einstein equation. Compared with DLS, where light scattering and particle size distribution are biased toward large-sized particles, NTA provides better resolution for heterogeneous mixtures of particles that vary in size, by measuring both the light-scattering intensity and the size of individual particles. Additionally, NTA allows the detection of EVs labeled with stable fluorophores. The refractive index (RI) of the analyte (e.g., high RI of colloidal gold vs low RI of cell-derived vesicles) determines the size range that can be detected by NTA. The smallest detectable EV size is typically around 50 nm, but the signal-to-noise ratio and the amount of scattered light should also be factored in to improve the accuracy of measurements. The upper limit is approximately 1 μm, due to the Brownian motion becoming too limited to track accurately. The accuracy of the quantitative analysis of EVs is also a challenge.

### FCM {#s0130}

FCM can be used for biomarker discovery or to size EVs by measuring either light scattering or the fluorescence of the sample particles. Samples can be labeled with fluorescent tags and/or antibodies (anti-CD63, anti-CD81, or anti-CD9) to track EVs \[[@bb0640],[@bb0645]\]. The sample is passed through multiple lasers of differing wavelength \[[@bb0650]\], scattering light. The amount and direction of the forward scatter (FSC) or fluorescence, along with the duration, indicates the size of the EVs measured \[[@bb0645]\], while the side scatter (SSC) indicates the internal complexity. SSC is more sensitive than FSC, which makes it more appropriate for the analysis of low-concentration samples \[[@bb0655]\]. It has also been reported that using a lower wavelength (405 nm) increases the SSC sensitivity and resolution for all EV sizes tested, with a more significant effect on smaller EVs \[[@bb0660]\]. To improve EV detection, lipophilic fluorophores or EV-specific fluorescently labeled antibodies can be incorporated into the EV membrane \[[@bb0650],[@bb0665]\]. Qualitative and quantitative analysis of specific target proteins can help to indicate what subpopulations of EVs are most prevalent, which may be important for the diagnosis of various diseases \[[@bb0645]\].

The advantages of FCM include the applicability to unprocessed biological samples, fast analysis time, reproducibility, and quantitative output \[[@bb0665]\]. However, FCM cannot detect particles below 200 nm on most flow cytometers \[[@bb0665]\]. To lower the limit of detection, nano-FCM was developed. The same principles apply; however, there are changes to the angles of the light scatter collected, which allow detection down to 40 nm \[[@bb0230],[@bb0500],[@bb0650],[@bb0665],[@bb0670]\]. The swarm effect, as described previously, can also affect measurements \[[@bb0640]\]. Unfortunately, light-scattering-bead standards do not correctly correlate with EV size due to differences in the RIs. Because EVs have a lower RI than polymer size standards, the measured size of an EV could be about double the size of the corresponding size standard \[[@bb0500],[@bb0665],[@bb0675],[@bb0680]\]. Silica beads have a RI that is more similar to EVs than polystyrene beads, thus they may serve as better standards \[[@bb0675]\]. Standard alternatives to silica and polystyrene beads were also introduced for EV FCM analysis. For example, liposomes or hollow organosilica beads scatter light similarly to EVs \[[@bb0685],[@bb0690]\]. Also, differences in the hardware from different manufacturers can cause variabilities, which should be taken into account when comparing data from different flow cytometers \[[@bb0655]\].

### Resistive Pulse Sensing (RPS) {#s0135}

RPS is a high-throughput method that measures the size, concentration, and charge of particles in solution based on the Coulter effect \[[@bb0675]\]. Changes in the applied electric current are measured when particles pass through a submicron-sized pore in a membrane with electrolyte solutions on both sides. The size of the particle is determined by the ratio of the change in current to the background current. The length of the disturbance is related to the volume of the particle and the blockade rate is related to the concentration \[[@bb0695]\]. The zeta potential can be measured by relating the blockade event signals to both the voltage and the pressure \[[@bb0700]\]. In instruments from Spectradyne LLC, samples pass through a solid pore or aperture, while Izon Science's instruments have a tunable, stretchable pore that can be optimized for specific experiments \[[@bb0675]\].

RPS is an attractive method for EV characterization due to its ability to measure the size (down to 40 nm), concentration, and zeta potential at the same time \[[@bb0675]\]. The technique can also be tuned to a particular size range and requires about 40 μl of the sample. However, similar to NTA, RPS cannot determine the particle type or chemical makeup of a sample, making it difficult to determine whether the sample contains EVs, protein aggregates, or other nonmembranous particles (e.g., lipoproteins, debris) \[[@bb0675],[@bb0695],[@bb0705]\]. Another issue is that RPS and NTA demonstrate results that are inconsistent in the detection of larger (\>150 nm) and smaller (\<150 nm) EVs: RPS may be biased toward more efficient detection of larger particles, while NTA may be biased toward smaller particles \[[@bb0675]\]. The challenge is to determine which approach is more accurate, or whether the two methods could be used in tandem to obtain a more accurate characterization of EVs in the sample. Polystyrene or silica beads, and potentially other standards, are used to calibrate the RPS instrument, which provides grounds for initial standardization \[[@bb0675],[@bb0690]\]. Beads with different surface chemistries or liposomes are used to calibrate the zeta potential \[[@bb0700]\]. The technique requires frequent calibration. In many studies, the instrument was calibrated before every sample to ensure correct measurements of EV samples \[[@bb0675],[@bb0695], [@bb0700], [@bb0705]\].

### Emerging Methods {#s0140}

Raman spectroscopy (RS) is based on inelastic light scattering in which the photon energy is transferred either to or from the molecules of EVs, resulting in a wavelength shifted from that of the incident light. The amount of energy transferred is proportional to the shift in the wavelengths of the scattered photons, which is dependent on the molecular arrangement of the sample particle. Measurement of the inelastically scattered photons results in a spectral fingerprint, similar in appearance to an IR spectrum \[[@bb0675]\]. RS has previously been used on EVs from mammalian cell lines, bacteria, and human samples \[[@bb0675]\].

The method is often able to provide some information about the chemical composition of a sample or at least the major constituents of the sample in one measurement with minimal sample preparation and with only a small sample volume (\<50 μl) required \[[@bb0675]\]. Although RS appears to allow EV identification, it is challenging practically to obtain informative spectra due to the chemical complexity of EVs. The throughput of RS measurements is rather moderate, which makes it challenging to use in clinical settings \[[@bb0675]\]. RS can be used to make relatively quick measurements of EVs without the need for targeted protein biomarkers \[[@bb0710]\]. RS has been used in industry for small molecules; however, a study by Gualerzi and colleagues suggested that RS can also be used for EV analysis \[[@bb0710]\]. RS was demonstrated to have the potential to identify the origin of a specific vesicle (e.g., bone marrow, adipose tissue, dermal fibroblasts). The method developed in this study shows that EV characterization can be performed in bulk, on an industrial scale, before they are used for either *in vivo* or *in vitro* clinical applications. This approach can be applied to increase the number of EV-based products offered by the biotechnology and biopharma industries \[[@bb0710]\].

Frequency-locked optical whispering evanescent resonance (FLOWER) uses an antibody-coated silica microtoroid whose resonant frequency is probed by a laser. The sample flows over the microtoroid optical resonators and EVs bind to the antibodies. Each time an analyte binds, the resonant frequency shifts and a count of EV concentration is acquired \[[@bb0675]\]. The change in amplitude corresponds to the diameter of the particle that became bound or unbound from the microtoroid \[[@bb0715]\]. This method still requires further evaluation, but it has the potential to identify EVs.

Single-particle interferometric reflectance imaging (SP-IRI), sold as the ExoView system, is based on the interference of particles (labeled with fluorescent antibodies) immobilized on the sensor surface with light that reflects off the surface. The interference can be correlated with size \[[@bb0720]\]. This technique has mostly been applied to viruses but is beginning to be applied to EVs as well \[[@bb0725]\].

Biochemical and Molecular Characterization Methods {#s0145}
--------------------------------------------------

These methods are summarized in [Table 3](#t0015){ref-type="table"} and [Figure 4](#f0020){ref-type="fig"} .Table 3Overview of Biochemical EV Characterization Techniques and Their Main Advantages and DisadvantagesTable 3TechniqueAnalyte typePrincipleAdvantageDisadvantageSample volumeLimit of detectionPotential for quantitation[a](#tf0015){ref-type="table-fn"}Cost[a](#tf0015){ref-type="table-fn"}RefsUV-Vis spectrophotometryRNA, protein, or intact EVsAbsorbance of UV or visible lightSimple, cheapLimited sensitivity, compromised quantitative accuracy, and interference from other molecular species in complex matrices\<2 μl2 ng/μl++\$\[[@bb0745]\]ElectrophoresisRNA and proteinElectrophoretic mobility, hydrodynamic volumeLow detection limitLow quantitative accuracy,\
limited resolution\~10 μl50 pg/μl+++\$\[[@bb0745]\]RiboGreen assayRNAFluorescenceVery low detection limit, excellent linearity, high throughputInterference from interaction with other nucleic acids20--100 μl1--200 ng++++\$\$\[[@bb0745]\]qRT-PCRRNATranscription and amplification using primers and PCRLow sample volume, low detection limit, quantitative, high throughputLimited to analysis of known target RNA sequencesLow μl levelpg to fg++++\$\$\[[@bb0440],[@bb0750],[@bb0755]\]NGS/RNA-seqRNAPCR, transcription to cDNA, and sequencing with fluorescent nucleobasesRNA sequence can be determined, can detect low-abundance transcripts and differentiate isoformsLow throughput, expensive, possible biases from isolation method, library preparation, data processinglow μl level\<100 ng+++\$\$\$\$\[[@bb0375],[@bb0745],[@bb0760], [@bb0765], [@bb0770]\]MicroarraysRNAHybridization of DNA probes to target sequencesSimultaneous measurement of thousands of transcriptsExpensive, specialized equipment, low specificity, lack of control over analyzed transcripts1 nlpM++++\$\$\$\$\[[@bb0775], [@bb0780], [@bb0785], [@bb0790]\]NanoStringRNAHybridization of RNA to capture probe and fluorescent reporter probeHigh accuracy since the method does not involve RT and amplificationLimited by applying only to known target sequences\~30 μl100 ng++++\$\$\$\$\[[@bb0795], [@bb0800], [@bb0805]\]BCA, Bradford (Coomassie), and fluorometric assaysProteinColorimetric and reagent bindingSimple, reliable, high throughputProtein composition can affect results, contamination reduces accuracyLow μl level\~20 μg/ml+++\$\$\[[@bb1015]\]Western blot, ELISA, microfluidic devicesProteinImmunoaffinity/antibody interactionsCapable of detecting EV-specific proteinsLack of specificity, cross-reactivity, unpredictable quality, short shelf life, expensiveLow μL levelLow ng level+++\$\$\$\[[@bb0150],[@bb0380],[@bb0410],[@bb0845], [@bb0850], [@bb0855], [@bb0860], [@bb0865]\]SEAEVImmunoaffinity and fluorescenceCapable of analyzing one EV at a time, high signal-to-noise ratioLow throughputLow μl level1 EV+++\$\$\$\[[@bb0870],[@bb0875]\]μNMREVImmunoaffinity, MNP labeling, and NMRQuantitative, little interferenceRequires specialized equipmentLow μL levelLow EV counts++\$\$\$\$\[[@bb0880]\]SPREVSurface-electron oscillation under lightQuantitative, high sensitivity, does not damage analytes, fast, low sample volumeSignal interference in complex nonhomogeneous samplesLow μL level670 aM++\$\$\$\[[@bb0885], [@bb0890], [@bb0895], [@bb0900]\]iMEX detectionProteinMagnetic bead capture and oxidationFast, low sample volume, portable, high sensitivityRequires specialized equipment10 μl\~10^4^ EV counts+++\$\$\$\[[@bb0905],[@bb0910]\]MS-based molecular profilingProteins, metabolites, and lipidsDetermines mass over charged values for analytes or their fragmentsCapable of determining chemical structure, PTMs, glycan, quantitation, high sensitivityComplicated sample preparation, biases from choice of sample processing and data processing workflows\<5 μlpM to fM++++\$\$\$\$\[[@bb0040],[@bb0925],[@bb0930],[@bb0955],[@bb0960]\][^4]Figure 4Overview of Biochemical Techniques Used for Extracellular Vesicle (EV) Characterization.Abbreviations: BCA, bicinchoninic acid; FACS, fluorescence-activated cell sorting; ICAM, intercellular adhesion molecule; LC, liquid chromatography; MS, mass spectrometry; NGS, next-generation sequencing;μNMR, microfluidic NMR.Figure 4

### Characterization of RNA in EVs {#s0150}

RNA represents one of the most important biomolecules associated with EV research. Early studies analyzing EV-associated nucleic acid cargo, particularly small RNAs, miRNAs, and mRNAs, have revealed the horizontal transfer of RNA in cell--cell communication \[[@bb0065]\]. Since then, a variety of EV-encapsulated miRNAs have been shown to serve as highly specific biomarker candidates for various pathological conditions \[[@bb0730]\]. miRNAs are the most extensively studied EV-associated RNA species; however, a variety of other RNA species, such as fragments of ribosomal RNA, Y-RNA, and tRNA, have been reported, and they can be important for functional assays \[[@bb0375],[@bb0735],[@bb0740]\]. Overall, a number of studies that used deep sequencing to profile EV-RNA from various biological fluids and cell types indicate that a major proportion of EV-RNA comprises small RNA (\<200 bp), with heterogeneous subpopulations \[[@bb0740]\]. In this section, we provide a brief overview of the analytical methods most widely used for the quantitation and comprehensive profiling of EV-RNA ([Figure 4](#f0020){ref-type="fig"}).

In the UV-Vis method, spectrophotometers, including low-volume detection cell instruments (e.g., NanoDrop), can be effectively used for the quantification of nucleic acids and proteins by measuring the UV-light absorbance. However, the lower limit of detection of a low-volume detection cell instrument like NanoDrop is around 2 ng/μl, which may pose a challenge when the yield or concentration of RNA and protein from EVs is low. Since EV subpopulations and content are very heterogeneous, microvolume UV-spectrophotometric measurements may not be accurate unless a specific type of RNA is being quantified with the use of an appropriate extinction coefficient \[[@bb0745]\].

Fluorescence-based methods include electrophoresis-based techniques, the RiboGreen assay, and quantitative reverse transcription (qRT)-PCR-based assays.

In electrophoresis-based techniques, a microfluidic chip is used for the electrophoretic analysis of nucleic acids such as DNA and RNA. The EV sample is lysed and combined with a fluorescent dye that binds to the nucleic acids. Separation of various lengths/sizes of nucleic acids is achieved based on their respective electrophoretic mobilities. The concentration is estimated based on the measured fluorescence intensity of the peaks in the electropherogram. This technique has a lower detection limit of 50 pg/μl (Agilent) and is suitable for low-yield EV-RNA isolations. As this technique gives the size distribution profile of RNA, the relative amounts of various RNAs can be estimated. One caveat of chip-based techniques is that the quality of RNA is commonly estimated using rRNA standards, while full-length rRNA may be absent in EV subpopulations \[[@bb0745]\].

The RiboGreen assay employs a sensitive fluorescent dye that binds to the phosphate backbone of RNA and produces a concentration-dependent fluorescent signal using excitation and emission wavelengths. These assays have a very low detection limit of 1--200 ng and have excellent linearity, which enables accurate quantitation. This assay highlighted by the ISEV allows concentration measurements of EV-RNA in a high-throughput manner using a fluorescent plate reader \[[@bb0745]\].

qRT-PCR-based assays are used when the levels of a particular sequence of RNA or DNA need to be quantified. This technique measures the increase in fluorescent signal probes that bind to the nucleic acid as a particular transcript is amplified using reverse transcription (RT) of RNA to cDNA, followed by amplification of the cDNA using sequence-specific primers and PCR. Advantages include a low sample volume (microliter level) requirement, a high sensitivity/low detection limit (picogram to femtogram level), the ability to quantify relatively and absolutely, and high-throughput (96/384-well plates) quantification of multiple genes in a single sample. Several previous studies relied on qRT-PCR to conduct comparative profiling of miRNAs in EVs isolated by UC, filtration, and precipitation \[[@bb0440],[@bb0750]\]. Chevillet and coworkers aimed to quantify the stoichiometric relationship between the number of EVs and the number of miRNAs per EV. qPCR-based miRNA quantification from EV-RNA samples isolated from five different sources revealed that, on average, there was far less than one molecule of a given miRNA (even the most abundant miRNA species) per EV \[[@bb0755]\]. However, this technique, unlike the previous two, does not measure the total amount of RNA and is useful only for the detection and quantification of known and specific sequences of RNA.

Next-generation sequencing (NGS/RNA-seq) is one of the most advanced and powerful techniques for the comprehensive profiling of nucleic acids. Several previous studies reported the feasibility and applications of sequencing small RNAs in EVs \[[@bb0760],[@bb0765]\]. The method involves three steps, which are: (i) library preparation, using PCR amplification, transcription of cDNA from RNA, ligation of DNA adapters, and hybridization onto the sequencer, which is coated with complementary oligo sequences and amplified by bridge amplification; (ii) sequencing by synthesis with fluorescent nucleobases; and (iii) data processing, which involves target sequence coverage and alignment with the reference sequence. The strength of RNA-seq lies in its ability to identify and comprehensively profile RNA subtypes in various EV subpopulations. A recent study performed to characterize the extracellular RNA (exRNA) released from human glioma stem cells using NGS found that the RNA profiles of MVs, exosomes, and ribonucleoproteins (RNPs) differ substantially \[[@bb0375]\]. Additionally, the amount of miRNA species in exosomes was reported to be higher than in MVs or RNPs, which supports the hypothesis of the loading of specific miRNA sequences into exosomes. Both RNA-seq and microarrays performed similarly in clinical endpoint prediction, but RNA-seq was more efficient in detecting low-abundance transcripts, distinguishing biologically critical isoforms, and enabling the identification of genetic variants \[[@bb0770]\]. RNA-seq by NGS is prone to biases that arise from a number of factors, which include the selection of methods, kits, and vendor platforms for RNA isolation, the preparation of libraries, ligation, and sequencing (e.g., HiSeq or MiSeq, SOliD, Ion Torrent), as well as bioinformatics pipelines and parameters in data processing in normalization methods \[[@bb0745]\]. Additionally, sequencing methods are time consuming and expensive.

Microarrays are a well-established technique frequently employed to study global profiles of hundreds of genes in biomedical samples and enables differential analysis of RNA/DNA samples. This technique is based on the principle of hybridization of DNA probes to the complementary target gene sequences in the samples \[[@bb0775]\]. The probes are deposited onto a chip in the array format using various methods, such as ink jetting and microspotting \[[@bb0780]\]. In a recent study performed on the EV-RNA produced by mast cells using the data from a microarray combined with NGS, four different clusters from two distinct exRNA signatures \[high-density (HD) and low-density (LD) exRNA\] were shown. Pearson correlation and principal component analysis suggest that the different structures that are present in the HD and LD fractions correspond to fundamentally different RNA cargo \[[@bb0785]\]. High throughput and the simultaneous measurement of thousands of mRNA transcripts for gene expression or genomic DNA fragments to enable copy number variation analysis are among the major advantages of microarrays. However, a secondary confirmation step, such as qRT-PCR, is generally employed to verify some of the key genes depending on the purpose and scope of the experiment \[[@bb0790]\]. The disadvantages of microarrays include the high cost, access to specialized equipment, and numerous probe designs based on sequences of low specificity, as well as the dependence of the pools of transcripts selected for the analysis on the sets of probes designed by the manufacturers of microarray platforms \[[@bb0785]\].

NanoString is a gene expression profiling method that has been employed to study the biogenesis of EV-miRNA and its mechanism and to identify biomarkers from biofluids in diseases such as glioblastoma multiforme (GBM) and bladder cancer \[[@bb0795],[@bb0800]\]. The technique is based on the hybridization of RNA to a capture probe complementary to the target gene sequence. The probe has a biotin tag on the 3′ end to immobilize it to streptavidin beads. The target gene is also complementary to the fluorescently labeled reporter probe with a unique molecular barcode on the 5′ end. After the hybridization step, the unbound probes are washed off and the complementary pairs are immobilized onto a glass slide and imaged. The NanoString assay does not count the intensity of the barcode but counts the number of barcodes. One fundamental sample preparation step that differentiates NanoString from NGS and microarray techniques is that the assay does not involve RT and amplification steps, which eliminates errors introduced by these steps. Additionally, this technique is less time consuming than NGS. NanoString has been employed to profile the modification of tumor miRNA content by transfection of parent cells using hyaluronic acid nanoparticles loaded with wt-p53 and miR-125b \[[@bb0805]\]. NanoString-based miRNA panels have been employed to study the distinct cell phenotypes. Comprehensive analysis of cellular and EV-miRNA showed that the miRNA signature separated GBM stem cells (GSCs) and GSC-derived EVs and further miRNA profiles for both the cells and EVs, which were aligned with previously determined gene expression analysis of the cells \[[@bb0800]\]. However, unlike NGS, NanoString employs a panel of genes for which sequences are known in the samples, which can limit the profiling and differential analysis for unknown RNA sequences.

In summary, each RNA profiling technique mentioned above has its own unique advantages and disadvantages and can be used as a complementary technique in combination with others to provide the information needed for more comprehensive EV characterization. The suitability of the various RNA detection methods for the quantification of EV-RNA has been summarized in an ISEV proposition paper \[[@bb0745]\]. Some of the challenges associated with the characterization of EV-RNA are listed below.

One challenge is the quantity of initial sample available. Inferring credible information from various RNA characterization techniques relies heavily on the accurate quantitation of RNA, which in turn depends on the quality and integrity of the RNA. Compared with RNA isolation yields from cellular RNA, EVs have been shown to have several-fold lower yields, especially when dealing with *in vivo* or patient samples.

Second, a number of studies show that the choice of EV isolation method affects both the quantity and the quality of the EV-RNA characterization \[[@bb0810],[@bb0815]\].

Third, a comprehensive study of small RNA sequences performed on various biofluids, using various EV isolations and RNA isolations, suggests that variables such as laboratory-to-laboratory variability and the choice of RNA isolation method are the biggest sources of variability in target RNA profiles such as miRNA, and that different mechanisms might underlie the loading of various RNA biotypes into exRNA carrier subclasses (EVs, RNPs, and HDLs). Therefore, the optimum exRNA isolation method should be selected according to the targeted RNA biotype \[[@bb0820],[@bb0825]\].

Fourth, one of the challenges in profiling RNA from a complex mixture such as blood is being able to detect specific RNA patterns, as multiple classes of EVs carrying individual RNA signatures can be secreted from one cell type. Further, the distribution of RNA types varies by biofluid and donor/cell line \[[@bb0825],[@bb0830]\].

Some experimental guidelines and practices have been suggested in various publications to standardize RNA characterization. First, assessing the EV-RNA quality is one of the most important standardization steps \[[@bb0745]\]. Second, another important step is assessing the type of carrier associated with the miRNA (EV-associated vs lipoprotein-associated miRNA). Third, an optimal method for EV-RNA isolation should be identified, depending on the target RNA population. The method should have a higher proportion of highly expressed miRNAs and better reproducibility than the other methods of RNA isolation. The RNA-to-protein ratio in exosomes is significantly higher than that in MVs, according to a study that evaluated RNA in various EV subtypes \[[@bb0375],[@bb0835]\]. Therefore, having a robust EV isolation method that isolates the target RNA and EV populations with high reproducibility is essential. Fourth, the demonstration of protection from nucleases after proteinase treatment is an effective way to ensure that a given nucleic acid species is enclosed inside an EV rather than adhered to its surface or co-isolated. Fifth, for functional testing, cellular transfection of miRNA-loaded EVs is recommended to be performed to evaluate the transfer of the miRNA and the downstream functional effects of the miRNA, such as translation inhibition effects and transcription-level reprogramming profiles. Finally, technical and biological replicates should be included in the experimental workflow wherever possible.

### Characterization of Proteins in EVs {#s0155}

Proteins are an important class of molecules that are transported by EVs and are integral constituents of EV structures ([Figure 4](#f0020){ref-type="fig"}). Analysis of EV protein composition is crucial to understanding the mechanisms of their biogenesis and their functions. For the purpose of quality control (QC) in EV protein characterization, the current leaders in the field recommend demonstration of the presence of at least one protein from the following classes: transmembrane or glycosylphosphatidylinositol (GPI)-anchored proteins associated with plasma membranes and/or endosomes \[e.g., tetraspanins (CD63, CD81, CD82)\], and cytosolic proteins recovered in EVs \[e.g., ESCRT-I/II/III and the accessory protein ALIX, the heat shock proteins HSC70 (HSPA8) and HSP84 (HSP90AB1)\]. Furthermore, the absence of co-isolating APOs and high-abundance proteins in a specific system (e.g., albumin for plasma) in EV isolates should be demonstrated \[[@bb0030]\].

Protein detection and quantification of the total protein amount in EV isolates: Total protein measurement assays include colorimetric, reagent-based bicinchoninic acid (BCA), and Bradford (Coomassie dye) assays or fluorescent reagent-based fluorometric assays. The main advantage of these assays is the ability to measure the EV proteins in a simple, reliable, and high-throughput manner using a plate reader. However, since these assays are based on the labeling of specific amino acid residues, the composition of EV proteins can affect the quantitation of the samples. Furthermore, when EV isolates are contaminated with high-abundance matrix proteins (e.g., albumin), overestimation of the total protein concentration can occur, reducing the accuracy \[[@bb0030]\]. This is due to the assumption that the assay's output (absorbance per unit concentration) is uniform across all proteins in the sample. The ratios of high-abundance proteins to low-abundance proteins will lead to such over- or underestimation \[[@bb0840]\].

Immunoaffinity-based techniques: Western blotting and ELISA are conventional antibody-based techniques representing targeted methods, which can be used for the detection of EV-specific proteins such as tetraspanins, MHC, and the generic EV markers mentioned above. In the case of western blotting, sample preparation involves lysis of EV samples using a detergent, followed by the denaturation and separation of various proteins based on their size using gel electrophoresis (SDS-PAGE). In both immunoaffinity-based techniques, the specificity is achieved by employing antibodies that bind to the epitopes present on the target protein with high affinity. Western blotting has significant processing time (\>10 h) but can provide information about the size and abundance of proteins. By contrast, ELISA is a higher-throughput method due to requiring less processing time (\~4 h) as well as the use of 96-well plates \[[@bb0380]\]. In addition, both of these techniques are hampered by lack of specificity/cross-reactivity, unpredictable quality, short shelf life, and the high cost of antibodies.

A variety of microfluidic approaches have also been developed \[[@bb0410],[@bb0845], [@bb0850], [@bb0855], [@bb0860], [@bb0865]\]. Most employ immunomagnetic beads to capture EVs through binding specific EV surface proteins. Some microfluidic chips are distinct in that they combine the on-chip separation of exosomes with a multiplexed assay of various protein markers \[[@bb0845],[@bb0850]\]. The ExoSearch chip technique showed several advantages over other methods for EV characterization. First, flexible scalability can be provided by applying a continuous sample flow in the microliter to milliliter volume range. In addition, specific subtypes of EVs could potentially be isolated when using different antibodies immobilized on the beads. Moreover, a multiplexed immunoassay against one sample can greatly reduce the analysis time.

In addition to immunomagnetic configuration, photosensitizer immunobeads can be employed for EV protein characterization. Yoshioka and colleagues introduced donor and acceptor beads to a luminescent proximity assay for the detection of EV proteins, termed ExoScreen \[[@bb0150]\]. Streptavidin allows the donor beads to trap EVs through specific biotinylated antibodies. The acceptor beads are conjugated with a second antibody that will recognize certain epitopes on the EV surface and will be excited by a singlet oxygen and emit amplified fluorescent light.

Single-EV analysis (SEA): Currently, the majority of EV characterization analyses are performed using highly heterogeneous EV isolates. The main problem with bulk measurements is that they only provide global properties and ignore the heterogeneities in the studied specimen. Therefore, SEA may provide additional information. Lee and colleagues recently introduced a novel SEA method that employed immunofluorescent microscopy \[[@bb0870]\]. Biotinylated EVs were first caught by the NeutrAvidin coated on the inner surface of a microfluidic chamber, immunostained with fluorescent probes conjugated to antibodies of interest, and imaged. Due to the fixation of EVs, a much higher signal-to-noise ratio from each detection was achieved. Moreover, H~2~O~2~ could be used to quench the fluorophores after imaging to allow the second round of staining--imaging. Thus, multiplexed assays of single EVs were achieved. Unlike traditional global EV detection methods, the results of this SEA approach showed that EV subpopulations contain vastly different markers. For example, the most widely used EV markers, the tetraspanins CD9, CD63, and CD81, were present in only 4.8%, 54%, and 26% of EV fractions, respectively \[[@bb0870]\]. CD9 and CD81 were also suggested to be mutually exclusively expressed \[[@bb0875]\]. Thus, SEA constitutes a very strong candidate for EV compositional and functional heterogeneity studies and other subtle biological explorations in the future.

Microfluidic NMR (μNMR): Proton NMR (^1^H NMR) represents another promising detection mechanism for EVs. Shao and coworkers designed an on-chip μNMR detection system that integrated immunocapture with EV profiling \[[@bb0880]\]. The microfluidic platform preconcentrated EVs before μNMR detection, contributing to an increased detection sensitivity, which was critical in overcoming the limitations in sensitivity due to the small size of EVs when using μNMR alone. To be detected by NMR, magnetic nanoparticles (MNPs) were used to label EVs through specific protein markers on the surface, such as CD63. Through magnetic labeling, EVs became superparamagnetic when placed into the NMR microcoil, resulting in accelerated decay of the ^1^H NMR signal, the rate of which was proportional to the amount of MNPs present in the system. Therefore, specifically targeted EVs can be quantified. Using this technology, comparative protein marker analyses between GBM-derived EVs and those from host cells were performed. This μNMR sensing approach held a distinctive advantage in that it lessened the cumbersome work of EV purification, because most naturally occurring entities in biological systems are not ferromagnetic and thus cause little interference.

Surface plasmon resonance (SPR): SPR sensing has also been used for EV detection. SPR is an optical technique that relies on a large number of free electrons on the metallic sensing surface, where the free electrons collectively oscillate under the action of the incident light field (i.e., the effect called surface plasma). The change of the RI of the adjacent medium on the metal film would change the plasmon resonance frequency, which causes a shift of the extinction spectrum, resulting in the detection of the target substance \[[@bb0885],[@bb0890]\]. SPR-based EV protein analysis was improved by switching the conventional reflection configuration to a transmission mode using a set of periodic nanohole arrays, termed nanoplasmonic exosome (nPLEX) technology \[[@bb0895]\]. Various capturing/probe antibodies were immobilized on the sensing surface, which allowed the continuous isolation, probing, and quantification of EVs in a one-stop manner. The spectral intensity of optical transmittance resulted in a redshift on specific binding of EVs to the sensing surface, which was proportional to the mass density of the captured EVs on the surface and allowed quantitative profiling. Furthermore, the authors integrated the sensing array with parallel microfluidic channels to enable the independent analysis of up to 12 subtypes of exosomes. Compared with western blotting and ELISA, the nPLEX assay possesses much higher sensitivity, by 10^4^ and 10^2^ times, respectively. The lower limit of EV detection by nPLEX is \~3000 counts (670 aM) \[[@bb0900]\]. Due to the nature of SPR, nPLEX does not cause any damage to the analytes nor require any labels. Also, the total analysis time could be less than 30 min, and only a few microliters of a sample are required \[[@bb0895]\].

Electrochemical detection: Electrochemical sensing provides another promising mechanism for protein detection in EVs, where high sensitivity levels can be attained by amplifying redox reporter signals. Recently, integrated magnetic--electrochemical exosome (iMEX) detection orthogonally brings immunomagnetic isolation/enrichment and electrochemical detection together into a single platform to yield fast and simplified analyses of EVs, which consumes only a few microliters of the sample \[[@bb0905]\]. Magnetic beads are first functionalized with EV antibodies for capturing. Then, another horseradish peroxide (HRP)-conjugated antibody and 3,3′,5,5′-tetramethylbenzidine (TMB), a substrate generating electrical current when oxidized by HRP, are applied to detect specific EV markers. iMEX has also been used to detect T cell-derived exosome surface CD3 in urine to monitor cellular rejection in kidney transplantation patients \[[@bb0910]\]. The magnetic enrichment procedure, along with the enzymatic signal amplification, provides high sensitivity. The lower limit of detection is \~10^4^ vesicles and the dynamic range spans over four orders of magnitude. Furthermore, the device is a portable unit containing eight standalone microfluidic channels, which can offer multiplexed, on-the-spot clinical EV marker detection. Typically, using iMEX, an entire multiple-marker-detecting assay can be finished in under 1 h and consumes only 10 μl of the sample.

Some of the challenges associated with the characterization of EV proteins include the following. Currently, there are no specific universal sets of proteins that can be used for detection and characterization of EVs, in general, and EV subpopulations. All EVs do not originate from the same biological source; therefore, EV subpopulations may have different protein surface markers associated with them, as well as carry different protein cargo \[[@bb0030]\]. Additionally, several studies have identified specific EV subpopulation protein markers, demonstrating that EVs can be classified based on their protein content. However, these studies used various isolation methods and different cellular sources. Due to the differences in the experimental designs and approaches, the specific sets of proteins that are definitively associated with each subpopulation of EVs remain to be determined \[[@bb0030]\]. Finally, detected protein abundance levels cannot be directly correlated with the EV count. EVs carry a wide range of proteins at highly variable abundances, depending on their source and biogenesis pathways \[[@bb0915]\].

Some experimental guidelines and practices that have been suggested include the following. First, it has been suggested that APOA1/2, APOB, and albumin (human or bovine) should be used for negative markers for serum-derived EVs as well as EVs isolated from cells cultured in the presence of bovine serum. Since such high-abundance proteins in the matrix can be co-isolated with EVs, it is recommended to report the level of these markers that need to be depleted to reach the desired purity of EV isolates \[[@bb0030]\]. Second, to identify specific proteins for each EV subpopulation it is recommended to use the same biological origin and the same isolation method to ensure the reproducibility of the analysis for a fair comparison \[[@bb0030],[@bb0920]\]. Third, when culturing cells for use in EV studies, it is recommended to culture cells with fetal bovine serum (FBS) that has been EV depleted prior to addition to the cell culture medium. EV-depleted FBS is commercially available; however, the vendors often do not disclose the depletion protocol. Also, the storage and freeze--thaw conditions of EV-depleted FBS and FBS-based medium can lead to protein aggregation. Therefore, it is recommended to include a depletion step in-house \[[@bb0030]\].

### Proteomics, Metabolomics, Lipidomics, and Multiomics Techniques for EV Characterization {#s0160}

Proteomics profiling holds great significance in EV research, and mass spectrometry (MS)-based proteomics techniques are currently the most widely used. In the study focused on fractionation of EV subclasses by AF4, Zhang and coworkers used nano-LC--electrospray ionization (ESI) MS/MS to profile signature proteins for each class. The functional analysis of these proteins revealed that exomeres were significantly enriched in proteins involved in metabolic processes, including protein synthesis and carbohydrate metabolism. The Exo-S fraction was enriched with proteins related to membrane vesicle biogenesis and transport, receptor signaling, and protein secretion, while the Exo-L EV fraction was enriched with proteins related to multiorganism organelle organization, the mitotic spindle, and interleukin (IL)-2/Stat 5 and G protein signaling \[[@bb0040]\]. Sample processing for MS-based EV proteomic analyses involves a few steps that typically require several hours, but the technology allows high-throughput, comparative, qualitative, and quantitative studies for hundreds and thousands of EV-derived analytes ([Figure 4](#f0020){ref-type="fig"}).

Beyond proteomic identification and quantification, profiling of post-translational modifications (PTMs) might provide a more in-depth insight into the biogenesis, cargo sorting, biomarker finding, and uptake mechanisms of EVs. Both lectin microarrays and MS have been used for EV glycosylation analysis, with lectin microarray assays being nondestructive and more unbiased toward the characterization of specific classes of glycans. While MS-based glycomic techniques currently target only *N*-glycans, the MS-based approaches are able to provide information to decipher glycan structures, including carbohydrate-based linkages and composition \[[@bb0925],[@bb0930]\]. Using matrix-assisted laser desorption/ionization-time of flight/time of flight (MALDI-TOF/TOF) in an ovarian carcinoma cell-derived EV glycomics study, both high-mannose and complex-type *N*-linked glycans with various numbers of mannose residues or *N*-acetylglucosamine (GlcNAc) antennae, bisecting GlcNAc, and fucose residues on the chitobiose core were identified \[[@bb0935]\]. LC-MS/MS is a highly efficient tool for phosphoproteomics investigations. Neutral loss scanning mode was used to pinpoint 19 phosphorylation sites in 14 human urine-derived EV proteins \[[@bb0940]\]. Parallel reaction monitoring (PRM)-based label-free quantitative MS has also been used to identify phosphoproteins in blood-derived EVs as candidate biomarkers for breast cancer \[[@bb0945]\].

SOMAscan is an affinity-based proteomics analysis technique where slow-off-rate modified aptamers are used for multiplexed, highly sensitive, and specific protein detection in human blood and other biomatrices, which has been instrumental in finding novel protein biomarker candidates \[[@bb0950]\]. This platform was applied to biomarker identification in prostate cancer cell-derived EVs and found over 300 candidate proteins \[[@bb0955]\]. SOMAscan was also used for relative abundance analysis of 1128 proteins from cerebrospinal fluid (CSF)-derived EVs to find potential biomarkers for CNS inflammatory diseases \[[@bb0960]\]. One drawback of SOMAscan is that the results are largely dependent on data-processing algorithms and normalization, which might lead to severe inconsistencies in findings from different laboratories. Also, the method relies on the readout of the binding assay, which greatly depends on the specificity of binding, which can be compromised in highly complex matrices like biological fluids. Moreover, the method is limited to quantitative characterization of the binding between a specific aptamer and an assumed target analyte without the ability to confirm the identity of the bound species by structural characterization.

Along with protein and lipid EV components, EV metabolites are also expected to be of high functional importance, and metabolomics profiling can probe deeper into EVs' structural features. Although a new field, EV metabolomics is rapidly growing in demand, due to the fact that metabolites can be transferred as nutrients and signals between cells via EVs \[[@bb0965]\]. Metabolites can be extracted from EVs by organic solvents, separated based on their various properties (mass, charge, polarity, hydrophobicity), and then detected using MS- or NMR-based techniques \[[@bb0965],[@bb0970]\]. One study showed that there are active metabolic processes in the EV by comparing EVs from GBM cells with their parent cells \[[@bb0970]\]. However, there are currently few metabolomic biomarkers. Explorations of metabolomic changes in EVs and the cells and tissues of their origin can potentially be used to expand the toolbox for clinical diagnostics \[[@bb0970]\]. Recent advantages in metabolomics include the improved sensitivity that the instrumentation offers, although these methods can be costly and not readily accessible.

Studying the EV cargo using MS-based techniques has led to a better understanding of EVs and their biogenesis and structural features. There have been several deficiencies in proteomic and MS-based molecular profiling studies of EVs for a number of years. The main challenges include the accurate quantification of proteins, characterization of PTMs, and the identification of multiomics workflows to characterize EVs and to better understand the biology of EVs \[[@bb0975]\]. MS-based quantitation techniques are promising, and once appropriate standards and target proteins/peptides have been determined, quantitation should be able to be performed accurately. Currently, data-independent and targeted proteomics approaches have been applied to solve the quantification-related issues. A study performed by Chen and coworkers used Tandem Mass Tags (TMT) reagents to chemically label samples and reported 36 upregulated proteins and 22 downregulated proteins in exosomes released by CRC tumor cells into plasma compared with exosomes in healthy-volunteer plasma. The analysis showed that the upregulated proteins are involved in the protumorigenic microenvironment for metastasis \[[@bb0980]\]. In a metabolomic study, Puhka and coworkers used targeted based LC-MS/MS to profile the metabolites from urine EVs in prostate cancer patients compared with urine from healthy patients \[[@bb0985]\]. This study provided a foundation for enriched metabolites in EVs and new normalization techniques that have not been implemented before. Due to the low abundance in biological samples, EV proteomics and metabolomics force the need for novel techniques during sample preparation, data acquisition, and data analysis.

In combination, proteomics, metabolomics, and lipidomics profiling (a.k.a. multiomics) can provide more comprehensive information about EV molecular composition and give greater insight into EV biology and classification. MS-based techniques can be used to identify different types of small molecules in EVs, including various classes of lipids, organic acids, amino acids, sugars, and nucleotides. These small molecules can provide important information about distinct biomarkers carried in EVs \[[@bb0990]\]. Using differential and gradient UC, lipoproteins can be fractionated based on their respective densities, with HDLs and EV pellets falling to the bottom of the sample tube and lower-density lipoproteins migrating toward the top \[[@bb0225]\]. These fractions contain various classes of lipids, including phospholipids, glycerophospholipids, sphingolipids, cholesteryl esters, and glycerolipid species, along with other proteins. Analysis of these different fractions showed the correlation between proteins and lipids among EV compositions \[[@bb0995]\]. It has been shown that lipids play a critical role in signal transduction in cellular growth and facilitate intercellular signaling \[[@bb1000]\]. An emerging method for EV analysis is coupling ion-mobility spectrometry (IMS), which separates ions based on their mobility in a carrier gas and an applied electric field \[i.e., the collision cross-section (CCS) and the charge of the ion\] before MS analysis. This method can be used to analyze lipids, metabolites, and glycans and has previously been used to study viruses \[[@bb0990],[@bb1005],[@bb1010]\]. Combining lipidomics, metabolomics, and proteomics with transcriptomics and EV morphology and size distribution profiling for EV populations will result in the most comprehensive knowledge about specific structural features of EVs of different origins and types ([Figure 4](#f0020){ref-type="fig"}).

Concluding Remarks {#s0165}
==================

A major advance in the field of EV research during the past decade was largely enabled using already existing analytical techniques and purposefully developed novel technologies for EV isolation and characterization. While this progress resulted in an increased depth of knowledge about the structural features, functions, and biogenesis of EVs, our understanding of EVs' functional and mechanistic biology, as well as their relevance to specific pathophysiological states, remains limited. Also, the detailed characterization of the molecular composition of each type of EV and of EV subpopulations remains a challenge mainly due to the deficiencies in current techniques for the isolation of high-purity homogeneous EVs and their specific subtypes from complex matrices such as physiological fluids. Alternative, as well as similar or identical experimental approaches used in different laboratories, often lead to substantially different EV profiling results. There is a significant need for improved performance and reproducibility of techniques for EV isolation and comprehensive characterization. Designing and conducting consortium-type studies across multiple laboratories will accelerate progress toward standardizing experimental approaches and procedures for reporting data (see [Outstanding Questions](#b0005){ref-type="boxed-text"}). Improved standardized techniques will enable a comprehensive characterization of EV types and further advance our understanding of EV biology to develop novel EV-based diagnostic and therapeutic approaches ([Figure 5](#f0025){ref-type="fig"} ).Figure 5Summary of Technologies, Challenges, and Applications in Extracellular Vesicle (EV) Research.Abbreviations: AF4, asymmetric flow field-flow fractionation; DLS, dynamic light scattering; LC, liquid chromatography; MS, mass spectrometry; nano-FCM, nano-flow cytometry; NTA, nanoparticle tracking analysis; TRPS, tunable resistive pulse sensing;UC, ultracentrifugation.Figure 5

The following areas of technology advancement will be critically important for moving EV research forward more efficiently. In studies related to EVs from physiological fluids, sample procurement, collection, and preprocessing prior to EV isolation are essential areas that critically require major efforts devoted to further development and standardization. A set of standard protocols for specimen collection needs to be optimized, documented in a very detailed way, evaluated by several laboratories, and specialized for several main workflows of downstream analyses (e.g., proteomics, transcriptomics, TEM). Such protocols should be very specific and include requirements and recommendations to minimize preanalytical variables that can be possibly dependent on fasting status, hydration status, the time of day for specimen collection, the type of physiological fluid, and the type of the specimen's fraction (e.g., plasma, serum), with step-by-step instructions for specimen collection, processing, and storage (e.g., the choice of an anticoagulant or other additives, sample cleanup procedures, duration and speed of centrifugation, storage temperature and suggested duration).

For EV isolation, the priorities include developing protocols for reliable and reproducible isolation of both total EVs and specific EV subpopulations based on morphological (i.e., size and shape), biophysical (e.g., surface charge, membrane stiffness), biochemical composition (e.g., membranous, nonmembranous, presence/absence of specific surface and possibly internal markers), biological (cells/tissues of origin), and functional (i.e., specific biological activity) properties. Additionally, developing reproducible and straightforward EV isolation techniques that can be used in a clinical setting is a major priority. Finally, miniaturization of EV isolation approaches that would enable effective and robust isolation from either limited samples (e.g., finger-prick blood specimens, archived specimens from longitudinal studies, neonatal, children's, animal, scarce microneedle aspirates, other small biological specimens) is also of high priority to enable potential fast and sensitive diagnostic applications. New modalities for separation might need to be developed for the efficient EV isolation required by the above-outlined areas of applications. Robust isolation protocols will also improve batch-to-batch reproducibility and potentially may address some of the heterogeneity concerns in EV samples.

For application of EVs as drug delivery vehicles, large-scale-manufacturing EV isolation techniques such as TFF and SEC are utilized to produce clinical-grade EVs. In such cases, the development of cGMP protocols that include a thorough characterization of a number of process parameters, such as parent/source cell type, bioreactor conditions, and chromatography conditions, is essential to understand the CQAs and reproducibility of the final product. When such CQAs are identified, an acceptable range for variables such as defined size, purity, surface marker profile, content loading, and identity needs to be implemented for release testing and to understand the batch--batch variability and consistency of the EV manufacturing process \[[@bb1020]\].

In the area of biochemical characterization of EVs, enabling the following capabilities appears especially attractive: detailed molecular cataloging of EV populations of various properties, origins, and functions; sensitive quantitative characterization of PTMs of EV proteins (e.g., glycosylation, acetylation, phosphorylation); informative multiomics characterization of the same EV isolates from the same specimen; high-sensitivity deep molecular profiling of EV isolates from limited samples (finger-prick blood specimens, neonatal specimens, tear fluid; see the above-listed examples); and highly specific and sensitive detection and quantitation of target EV molecules of interest \[[@bb1025]\] in EV isolates, nonprocessed physiological fluids (e.g., whole blood, CSF), minimally processed biological fluids (e.g., plasma, serum), and even archived samples derived from physiological fluids (e.g., dried blood spots, small aliquots of longitudinally collected cohort studies) that can enable the detection and quantitation of rare EVs in the bulk of other, irrelevant EV populations at high sensitivity and specificity.

Advances in sequencing technologies such as NGS have helped in understanding the heterogeneity of the EV transcriptome. However, there remains a need for standardization of the complex workflow involved in the analysis of EV samples so the process is robust and repeatable across various laboratories. The information from these advanced techniques should be able to inform the choice of analytical methods depending on the type of RNA species for routine QC purposes. While the high-performance transcriptomics approaches in EV characterization are becoming well matured, the proteomics, lipidomics, and metabolomics approaches have yet to catch up in their performance, reproducibility, and ruggedness. The following novel analytical technologies appear especially promising to enable further progress in EV research: SEA \[[@bb0870],[@bb0875]\]; native MS of intact macromolecular structures of high-molecular-mass macromolecular complexes, including intact EVs \[[@bb1030], [@bb1035], [@bb1040], [@bb1045]\]; and charge detection MS of high-molecular-mass macromolecular complexes that can be made applicable to the characterization of individual EVs \[[@bb1050], [@bb1055], [@bb1060]\]. Moreover, the direct, unambiguous EV characterization that combines analysis of intact EVs (e.g., imaging, mass and/or charge, ζ-potential, size measurements) with molecular profiling of the same EVs or at least EVs from the same sample (e.g., charge detection MS, native MS analysis, immunoaffinity-based SEA) will be instrumental in the future development of the EV research and knowledge base ([Figure 4](#f0020){ref-type="fig"}).

Additionally, further advances in data interpretation and multiparametric data analysis that can include multiple levels of information about the patient, the patient's own and family health history and personal metadata, the treatment history, sample collection, processing, and analysis conditions and outcomes \[[@bb1065]\] are also of high importance for the further progress of the EV field of research and applications.

To conclude, advances in various aspects of EV research such as isolation, analytical characterization, and standardization of methods would greatly enhance the mechanistic understanding of EV biology and cargo components. These insights can help in further translating the application of EVs for efficient diagnostic purposes and therapeutic strategies.Outstanding QuestionsHow can straightforward, robust, and reproducible isolation and detailed characterization of EVs and EV subpopulations from complex matrices such as physiological fluids across multiple laboratories be enabled?How can EV isolation approaches that would enable effective and robust isolation from limited specimens be miniaturized for potential fast and sensitive diagnostic applications?What are the biological and technical challenges currently impeding the clinical translation of EVs?What specific CQAs can help in assessing the reproducibility of the final product and the batch--batch variability in the large-scale manufacture of EV-based therapeutic products?How can a detailed catalog of molecular features (nucleic acids, proteins/proteoforms, lipids, and metabolites) be developed to characterize EV populations of various properties, origins, and functions?What are the mechanisms to stimulate and support multi-laboratory consortium-style efforts for the development and evaluation of novel analytical technologies for EV isolation and characterization?What EV structural features can serve as the strongest predictors and high-specificity/high-selectivity markers of specific pathological changes?Alt-text: Outstanding Questions
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